This paper presents a comparative numerical analysis of the structural behaviour and seismic performance of two existing steel bridges, the Infiernillo II Bridge and the Pinha˜o Bridge, one located in Mexico and the other in Portugal. The two bridges have similar general geometrical characteristics, but were constructed 100 years apart. Three-dimensional structural models of both bridges are developed and analysed for various load cases and several seismic conditions. The results of the comparative analysis between the two bridges are presented in terms of natural frequencies and corresponding vibration modes, maximum stresses in the structural elements and maximum displacements. The study is aimed at determining the influence of a 1 century period in material properties, transverse sections and expected behaviour of two quite similar bridges. In addition, the influence of the bearing conditions in the global response of the Pinha˜o Bridge was evaluated.
Introduction
Many existing bridges were designed and built before the introduction of seismic codes. Recent earthquakes that have taken place all over the world (e.g. Loma Prieta in 1989 , Northridge in 1994 , Kobe in 1995 and Taiwan in 1999 confirm the significant seismic vulnerability of existing bridges and viaducts. In addition to the human losses, damage and collapse of bridges usually result in an important economic impact. Column damages, foundation collapses, settlement and rotation of abutments and fall of deck elements are, among others, frequent damage in bridges due to earthquakes. Descriptions of damage in bridges and their causes can be found in Astaneh-Asl et al. (1994) , Uang et al. (1999) , Kawashima (2002) , Mohele and Eberhard (2003) , Hsu and Fu (2004) , Hashimoto et al. (2005) , Eshghi and Ahari (2005) and Jara et al. (2006a) . This paper presents the main results of the numerical analysis of two steel bridges: the Pinha˜o Bridge located in Portugal and the Infiernillo II Bridge located in Mexico. Both bridges, built in different periods, have very similar global geometry and dimensions, but the Pinha˜o Bridge was built in 1903 and the Infiernillo II Bridge was built recently in 2003.
A comparative analysis was performed in order to evaluate the structural behaviour and seismic performance of the two bridges, and also with the intention of gaining knowledge about the structural behaviour of ancient steel bridges such as the Pinha˜o Bridge. In addition, it is intended to study the possibility of using the design rules and techniques followed in new steel bridges, such as the Mexican bridge, in the assessment and retrofitting of existing bridges, therefore contributing to its seismic vulnerability reduction. Threedimensional (3D) structural models were developed using the structural analysis software SAP2000 (2006) . Natural frequencies and the corresponding vibration modes were determined and a seismic analysis was developed for both bridge models. The evaluation was conducted in terms of dynamic properties, maximum stresses in the structural elements, reactions and forces on piers, for each loading case. The response of the bridges subjected to several seismic conditions and the influence of the bearing conditions on the global response of the Pinha˜o Bridge was also assessed.
Bridge descriptions 2.1. Pinha˜o Bridge
The Pinha˜o steel bridge (see Figure 1) is located in the north of Portugal, between the localities of Re´gua and Pinha˜o, crossing the Douro river. Its construction began between 1903 and 1906, but no valid information about its date of conclusion seems to exist. According to the documents and references available (Pinto et al. 2005) , no information was found about the design rules/codes used for the bridge's design. However, considering the common practice at the time of the bridge construction, it is strongly judged that the Pinha˜o Bridge was designed only for vertical loads. It was common practice to follow the allowable stress methodology in the design of steel elements.
Between 1933 and 1936, the bridge was subjected to minor repair work, and the reinforced concrete deck was probably built in this period, replacing the wood sleepers that were commonly used at the time (Pinto et al. 2005) . In 2006, the bridge was subjected to structural strengthening (Faria 2008) . The strengthening design was developed by GEG -Gabinete de Estruturas e Geotecnia Lda (Portugal).
The characteristics of the Pinha˜o Bridge considered in the analysis presented in this paper correspond to the original conditions of the bridge, i.e. before the structural strengthening.
The bridge (see Figure 2 ) consists of a total of three simply supported spans, with a length of approximately 69.2 m each, and a short approaching span of approximately 12 m (Pinto et al. 2005) . The superstructure of each span is a trough arch steel truss with a semi-parabolic shape and with abutments starting with a height of 2.6 m and reaching about 8.8 m at the midspan, as is shown in Figure 3 . Each span is divided into 16 panels according to the scheme presented in Figure 3 . The panels present different lengths: the ones located at the ends have a length between 4.20 and 4.21 m and the others have a length between 4.29 and 4.31 m.
The top chords of the arch trusses are transversally braced (superior bracing), only in the ten middle panels. In the six extreme panels (three at each end), the chord elements are not braced to allow a minimum height for the transit of vehicles. There are two bracing bars between each pair of floor beams, arranged in an X-shape (inferior bracing). The link between the bottom and top chords is accomplished by 17 posts and 22 diagonal elements.
In the transverse direction, the bridge structure has approximately 7 m width, with a concrete slab deck for two traffic lanes. The slab is about 4.60 m width and it has a thickness of 0.18 m. Each span is longitudinally supported on five stringers and on 17 floor beams in the transverse direction. The traffic lanes are bordered by pavements of about 0.70 m width (Pinto et al. 2005) .
All the structural elements have built-up crosssections that are generally composed of angles and plates. All the connections are riveted, as it was the common practice at the time. Figure 4 presents cross sections of some truss elements.
Each span end is supported on two simple bearings: on one side roller bearings, allowing free longitudinal displacements and rotations, and at the opposite side, there are two pinned bearings allowing free rotation (see Figure 5 ). Stone masonry abutments and piers constitute the substructure of the bridge.
The yield stress of the steel in the bridge is of 172.5 MPa and the corresponding Young's modulus is equal to 200 GPa.
Infiernillo II Bridge
The steel bridge Infiernillo II, built between 2000 and 2003, is located in Mexico (see Figure 6 ). The bridge crosses the Balsas River and is part of one of the highways that connect the central city of Mexico with the Pacific Coast. Its total length is 525 m, with a deck width of 12.3 m and a total structure width of 15 m. The reinforced concrete piers and abutments are supported on an infrastructure composed of concrete hollow circular cylinders. Reinforced concrete piles driven up to the hard soil constitute the foundation of the bridge. The superstructure consists of a reinforced concrete deck and trough camel-back-type steel trusses (Jara et al. 2008a) .
The bridge has five main spans, each one with a total length of 105 m. The superstructure is composed of two steel arches with a length of 102 m and a maximum height of 16 m (Figure 7 ). Each span is divided into 17 panels, with a length of approximately 6 m each. Figure 8 shows cross sections of chords and diagonals.
The deck has been made of a light-gauge steel deck cover, with a concrete slab depth of 18 cm. The steel deck serves a double purpose: it provides a framework for the wet concrete, eliminating the necessity for temporary shoring, and provides tensile reinforcement for the hardened slab. The slab is supported on girders, spaced at 1.5 m, which off-load to floor beams with triangular cross sections and spaced at 6 m.
The superstructure is supported on two abutments and four hollow-wall-type concrete piers (8.5 6 3.5 6 15 m 3 ), with a thickness of 0.40 m and 0.60 m in the transverse and longitudinal directions, respectively ( Figure 9 ).
The Infiernillo II Bridge is located in the region of the highest level of seismicity in Mexico. It was designed using the load factor design philosophy for the combination of loads recommended by AASHTO standard specifications (1998). The close location of the bridge to the subduction zone led to the use of multi-rotational sliding isolators, positioned at the supports (abutments and columns), as shown in Figure 10 .
Isolation systems, aimed at reducing the seismic response of bridges by uncoupling a structure from damaging effects of earthquakes, have been developed. Common isolation devices include frictional/sliding bearings, elastomeric bearings and lead rubber bearings. Several of these systems are combined with passive energy devices to control isolator displacements. Various experimental studies have shown the feasibility of the use of metallic yielding devices to enhance the energy dissipation capacity of structures with stable hysteretic behaviour. Reviews of experimental and analytical studies are provided in Kelly (1986) , Buckle and Mayes (1989) , Skinner et al. (1993) , Soong and Dargush (1997) , Buckle (2000) , Soong and Spencer (2002) , Jara and Casas (2002) , Kunde and Jangid (2003) and Jara et al. (2006b) .
General comparison between the two bridges
Tables 1 to 3 present a general comparison between the Pinha˜o Bridge and the Infiernillo II Bridge in terms of construction date, materials and general geometrical characteristics of the superstructure and substructure elements.
In spite of the major span length of the Infiernillo II Bridge (51%), its height/span ratio is only 15% greater than the Pinha˜o Bridge ratio. This difference reflects not only the increase in the material strength, but also the knowledge and confidence on the design, analysis and construction methods available at the time of each bridge construction (see Table 2 ).
Even though the substructure height of the Infiernillo II Bridge and the high seismicity of the site where the bridge is located, the pier slenderness ratio and the pier dimension/span ratio of the Infiernillo II Bridge are smaller than those ratios for the Pinha˜o Bridge. Current design codes demand a minimum seat length and the use of transverse shear keys for avoiding unseating-type failures, as shown in Table 2 for the Infiernillo II bridge. In contrast, the Pinha˜o Bridge, designed with previous codes, lacks transverse shear keys and appropriate seat lengths.
As was typical for a bridge located in a low seismicity area constructed 100 years ago, no transverse restrainers (shear keys) were used or a minimum seat length dimension considered.
3. Structural models 3D structural models of the two bridges were developed using the structural analysis software SAP2000 (2006) . Numerical analyses of the entire Infiernillo II Bridge and of one simple span were conducted (Jara et al. 2008b) . As a result, it can be concluded that the interference between adjacent spans is negligible, due to the wide existing gap between each span preventing deck collision. The same conclusion was assumed for the Pinha˜o Bridge response based on its higher stiffness. Therefore, a structural model, representative of one span, was developed considering the geometrical and mechanical characteristics for both bridges. Because of the great stiffness of Pinha˜o Bridge's piers, the superstructure was considered supported on bearings fixed at their base (see Figure 11a ). In contrast, the great flexibility of the pier-isolation subsystem of the Infiernillo Bridge is of significant importance to its structural response, and therefore the numerical model considered is the one represented in Figure 11b (Jara et al. 2008b) . The Infiernillo Bridge numerical model was calibrated based on ambient vibration measurements, as is explained in Jara et al. (2008a) .
Comparative numerical analysis
A comparative analysis was performed to evaluate the structural behaviour and the seismic performance of the Pinha˜o and Infiernillo II Bridges. The bridge models were analysed for vertical and seismic loads. The seismic actions considered in these analyses are in accordance with the Portuguese standard (RSA 1983) and the Mexican code edited by the Comisio´n Federal de Electricidad (CFE 1993) .
Natural frequencies, mode shapes, maximum stresses in the structural elements and maximum deflection, were determined for both bridges.
Dead load analysis
4.1.1. Maximum stresses in the structural elements and maximum deflection Table 4 presents the maximum stresses in the structural elements of the Pinha˜o and Infiernillo II Bridges, computed considering only the selfweight of the structures. The elements of the superstructure with higher stress levels for both bridges are the diagonals in tension and top chords in compression.
As shown in Table 5 , the maximum stress in the principal structural elements due to dead load is about 32% of the yielding strength for the Pinha˜o Bridge and 31% for the Infiernillo II Bridge, i.e. the dead load effect is practically the same for both structures.
The maximum vertical mid-span deflection estimated for the dead load is 36 mm for the Pinha˜o Bridge and 81 mm for the Infiernillo II Bridge. This gives a deflection/span ratio for the Infiernillo II Bridge that is 2.4 times greater than the same ratio for the Pinha˜o Bridge. The more flexible structure of the Infiernillo II Bridge is partially a consequence of design rule evolution in a period of 1 century. It should be noted that the Pinha˜o Bridge was designed using the allowable stress design philosophy and the Infiernillo II Bridge with the load factor design philosophy. Figure 5 ) Sliding multi-rotational bearings (see Figure 10 ) Pier geometry (m) 
Seismic analysis
With the aim of evaluating and comparing the seismic performance of the Pinha˜o and Infiernillo II Bridges, the structural models of both bridges were subjected to various levels of seismic loading. A modal spectral analysis was developed according to the design spectra presented by RSA and CFE codes.
Natural frequencies
The initial analyses were performed by considering the superstructure supported on the bearings fixed at the base, without piers. This idealisation is justified because of the extremely high stiffness of the substructure of the Pinha˜o Bridge. The sliding multi-rotational bearings on the Infiernillo II Bridge show a stable hysteretic and non-degradation behaviour (Mun˜oz 2003) . According to these results, the isolation system exhibited a bilinear hysteretic behaviour with the elastic stiffness, yield strength, yield displacement and post-yielding strength displayed in Figure 12 . The high elastic stiffness exhibited by the device and the small postyielding stiffness value (about 1% of the elastic stiffness) should be noted. The isolators were modelled as bilinear NLINK elements in SAP2000 considering the Wen model hysteretic behaviour. Table 6 presents the first three natural frequencies and mode shapes of the Pinha˜o and Infiernillo II Bridges, computed considering only the self-weight of the structures. The corresponding vibration modes are presented in Figures 13 and 14 . As can be seen in Figure 14 , the superstructure of the Infiernillo Bridge moves as a rigid body supported on the isolators. If the flexibility of the piers was incorporated into the model, the third mode would correspond to a transverse displacement of the piers with a frequency of 0.68 Hz.
The frequencies of the Infiernillo II Bridge shown in Table 6 corresponds to the elastic range of behaviour of the isolation system, hence they are related to the service-limit state of the bridge. For an inelastic response of the isolation system, the post-yielding stiffness of the isolators (1% of their elastic stiffness) slightly reduces the bridge frequencies (about 18%).
As expected, the frequencies obtained for the Pinha˜o Bridge are always higher than the frequencies of the Infiernillo II Bridge. This is due to the differences between the span length, the height/span ratio and mostly because of the flexibility of the pier-isolators subsystem. For the Infiernillo II Bridge, the mode shapes are governed by the base isolator flexibility.
Seismic zone location of the bridges
The Portuguese code, RSA, divides the Portuguese territory into four zones of seismicity, zones A, B, C and D. Zone A represents the areas of more significant seismicity and zone D represents the areas of reduced seismic risk. In addition, the RSA considers three types of soils: types I, II and III. In the analysis presented in this paper, it is assumed that both bridges are located in zone A, in medium stiffness soil (type II). Additionally, the bridges were subjected to the seismic intensity corresponding to the design spectrum of the CFE (1993), for the highest level of seismicity in Mexico (zone D) and soil type II, where the Infiernillo II Bridge is actually located.
Seismic actions
The RSA establishes two types of seismic actions, one representing earthquakes of moderate magnitude and small focal distance (seismic action type 1) and the other representing earthquakes of higher magnitude and higher focal distance (seismic action type 2). In Figure 15 , the design spectra (damping ¼ 2%) for the two action types and the acceleration level for the fundamental vibration mode of the bridges are shown. In Figure 16 , the CFE design spectra for a 5% damping coefficient is illustrated. In Table 7 , spectral accelerations, estimated with both codes and for both structures are presented for the corresponding fundamental frequencies (f). The Pinha˜o Bridge is exposed to greater accelerations for the three seismic spectra considered as a consequence of its great stiffness. The first mode accelerations for the Infiernillo Bridge are 34%, 45% and 39% of the accelerations for the Pinha˜o Bridge. Table 8 presents the maximum stresses in the structural elements of the Pinha˜o and the Infiernillo II Bridges obtained when the bridges are subjected to the design spectrum of the CFE and RSA codes (seismic action type II). In both bridges, the most stressed elements of the superstructure are the bottom chord and the diagonal elements.
Analysis results
The maximum stress due to seismic and dead loads combination is about 65% and 42% of the yield stress for the Pinha˜o and Infiernillo II Bridges, respectively. The maximum stresses produced only by seismic actions are 0.5 f y and 0.18 f y for the Pinha˜o and Infiernillo II Bridges, respectively.
The transverse deflection obtained at the mid-span section is 16 mm for the Infiernillo Bridge and 18 mm for the Pinha˜o Bridge. The transverse displacement/ Figure 16 . Earthquake demand spectrum (CFE 1993). span ratio obtained for each bridge is a function of the seismic loading intensity; therefore, the larger value obtained for the Pinha˜o Bridge is justified. Table 9 shows the forces on the piers and the reactions and displacement of the superstructure for dead plus seismic load combination.
Global response of the Pinha˜o Bridge supported on base isolators
A numerical analysis was performed aimed at evaluating the influence of the type of bearings on the dynamic behaviour of the Pinha˜o Bridge. An improvement of the bridge response is expected if bearing isolators of the type used in the Infiernillo II Bridge are incorporated. The period increase would result in a reduced acceleration demand, as can be observed in Figure 15 . The isolator's properties are selected in such a way that the fundamental period of the bridge is increased three times, from 0.6 to 1.8 s. To drive the period of the bridge to 1.8 s, the lateral stiffness of the supports, considered to be the equivalent stiffness associated with the maximum expected displacement of the isolator, should be 2511 kN/mm. The supports were modelled in SAP2000 as link elements with bilinear behaviour.
The model was subjected to seismic loading (type II) and computed according to the RSA design spectra, with the following characteristics: zone A, soil type II, 2% damping coefficient, and to the CFE design spectra for zone D and the same type of soil.
The dynamic behaviour of the Pinha˜o Bridge, with and without base isolators, is commented on in the following paragraphs. Table 10 presents the first three vibration modes of the isolated Pinha˜o superstructure. The fundamental frequency of the bridge was reduced from 1.66 Hz for the non-isolated structure to 0.94 Hz for the isolated structure. This period shift reduces the spectral acceleration from 3.8 m s 72 to 2.0 m s 72 in the case of the RSA spectra and from 8.4 m s 72 to 5.8 m s 72 in the CFE spectra.
Natural frequencies

Analysis results
The flexibility of the isolation system modifies the mode shapes of the non-isolated model. The vibration modes are now similar to those of the Infiernillo II Bridge previously commented. Unlike the dynamic properties of the non-isolated model, the frequency values of the first and second modes (corresponding to transverse and longitudinal directions) are quite similar for the isolated bridge, mainly due to the same stiffness of the isolation system in both directions. Table 11 shows the maximum stress values in the structural elements for the Pinha˜o Bridge supported on base isolators when it is subjected to the seismic action defined by the response spectra. It is notorious that the stresses due to seismic actions are smaller than the stresses caused by the dead load (Table 4 ). Regarding the maximum stress in the structural elements, the use of base isolators produces the stress ratios presented in Table 12 . In general, the use of base isolators led to a reduction of the maximum stresses. The structural elements most sensitive to the change of bearings conditions are the bottom chords. This is probably due to the higher restriction of the bridge's displacements imposed by the original bearings. When the Pinha˜o Bridge is isolated, a stress reduction of up to 43% was obtained. The stress decrease is greater in transverse direction, while in the longitudinal direction, the maximum reduction is 24%. The CFE/RSA spectral acceleration ratio corresponding to the non-isolated bridge is 1.32, while this ratio is reduced to 1.15 for the isolated bridge, showing the minor influence of the seismic action when the isolators are incorporated into the bridge. Table 13 shows the forces on the piers and the reactions and displacement of the isolated superstructure for the dead plus seismic load combination. The response ratio of the original structure versus the isolated one is also shown. The large ratio obtained for longitudinal shear on the piers, mainly due to the longitudinal movement restriction of bearings in the original model, is remarkable. It is also important to note that the transverse relative displacement/span ratios of the Pinha˜o Bridge are quite similar to those obtained in the isolated Infiernillo II Bridge model, despite the differences in length of both bridges.
Conclusions
Two bridges, built in different periods with similar geometrical characteristics and almost the same stress levels under dead loads, have been analysed from the point of view of their seismic response. The following conclusions can be drawn:
. As a result of the comparative study, it is possible to affirm that the truss structural system of both bridges is very similar. The use of a light-gauge steel deck is the main difference in both superstructures. The vertical behaviour of the bridges is also quite similar, showing the main difference related to their seismic performance, the lack of seismic details and the massive substructure used in the Pinha˜o Bridge. . In spite of the major span length and width of the Infiernillo Bridge, the height/span ratio is 46% of the Pinha˜o Bridge ratio. This difference reveals, not only the increase on the material strength, but also the confidence of the design, analysis and construction methods available at the time the bridges were constructed. . The same conclusion can be drawn regarding the pier slenderness ratio and the pier dimension/ span ratio, despite the taller piers of the Infiernillo II Bridge and the high seismicity of the site where the Infiernillo II Bridge is located. As was usual for a bridge located in a low seismicity area constructed 100 years ago, no transverse restrainers (shear keys) were used, nor was a minimum seat length dimension considered. . The frequencies of the Pinha˜o Bridge are always higher than the frequencies of the Infiernillo II Bridge as a result of the differences between the span length, the height/span ratio and mostly because of the flexibility of the pier-isolators subsystem. . Seismic stress demands in the Pinha˜o Bridge are larger than those of the Infiernillo II Bridge for the three spectra considered, exposing the difference in dynamic properties in both bridges. Even though there were similar stresses in both bridges caused by the dead load, the maximum stresses produced by seismic actions are more than 2.7 times for the Pinha˜o Bridge. . An important stress reduction is obtained when the Pinha˜o Bridge is isolated. The stress decrease is greater in the transverse direction. The CFE/ RSA spectral acceleration ratio corresponding to the non-isolated Pinha˜o Bridge is 1.32, while this ratio is reduced to 1.15 for the isolated bridge, showing the minor influence of the seismic action when the isolators are incorporated into the bridge. . The comparative analysis, in terms of seismic performance of the two bridges, confirmed that the incorporation of base isolators resulted in a significant reduction of seismic vulnerability and in the improvement of global structural behaviour of the Pinha˜o Bridge. Similar results can be expected in other bridges if this retrofitting technique is adopted.
